Abstract Despite reports that the PB1-F2 protein contributes to influenza virus pathogenicity in the mouse model, little is known about its significance in avian hosts. In our previous study, the A/Vietnam/1203/04 (H5N1) wild-type virus (wtVN1203) was more lethal to mallard ducks than a reverse genetics (rg)-derived VN1203. In search of potential viral factors responsible for this discrepancy, we found that synonymous mutations (SMs) had been inadvertently introduced into three genes of the rgVN1203 (rgVN1203/SM-3). Of 11 SMs in the PB1 gene, three resided in the PB1-F2 open reading frame, caused amino acid (aa) substitutions in the PB1-F2 protein, and reduced virus lethality in mallard ducks. The wtVN1203 and recombinant viruses with repairs to these three aa's (rgVN1203/R-PB1-F2) or with repairs to all 11 SMs (rgVN1203/R-PB1) were significantly more pathogenic than rgVN1203/SM-3. In cultured cells, repairing three mutations in PB1-F2 increased viral polymerase activity and expression levels of viral RNA.
Introduction
Highly pathogenic avian influenza viruses of the H5 and H7 subtypes have usually been non-pathogenic in ducks. However, this pattern changed in 2002 when the H5N1 virus that had emerged in 1997 killed most of the exotic waterfowl in Hong Kong [6, 23] . Multiple segments of the viral genome, including those that encode the surface glycoproteins hemagglutinin (HA) and neuraminidase (NA) [25] [26] [27] , the polymerase complex, and the nonstructural NS1 protein [10, 21, 22] , have been reported to contribute to H5N1 pathogenicity in various animal models. The H5N1 strain A/Vietnam/1203/04 (VN1203) was shown to be highly pathogenic in mice, ferrets, and mallard ducks [14, 21] . Our previous comparison of the virulence of the wild-type virus (wtVN1203) and a reverse geneticsderived virus (rgVN1203) in mallard ducks showed wtVN1203 to be more lethal [14] .
Here, we explored the possible causes of this discrepancy in virulence. Although the coding regions of 10 of the 11 proteins of wtVN1203 and rgVN1203 encoded identical proteins, we found that 11 synonymous mutations (SMs) had been inadvertently introduced into the PB1, 2 into the NP, and 1 into the NA gene of rgVN1203. Although SMs do not necessarily alter the aa sequence of the resulting protein, they do influence gene expression by affecting the mRNA folding [16] and the rate of protein translation [3] . Moreover, 3 of the 11 SMs, at nt positions 246, 261, and 354 of the PB1 open reading frame (ORF), resulted in aa substitutions in the N-terminal domain of PB1-F2, at positions 51, 56 and 87. PB1-F2, a recently described proapoptotic protein of influenza A viruses (IAVs), was discovered while searching for CD8? epitopes in alternative reading frames of IAV genes and is encoded by an alternative (?1) ORF in the PB1 gene [2] . The C-terminal domain of PB1-F2 contains the mitochondrial signal and can trigger apoptosis in specific immune cells [2, 29] . Knockout of PB1-F2 diminished the pathogenicity of the H1N1 subtype in mice [28] . Recently, PB1-F2 has been shown to play an important role in promoting lung pathology in both primary viral infection and secondary bacterial infection in mice [18] .
The facts that the PB1 subunit plays a central role in the catalytic activities of the viral RNA polymerase complex [1, 8, 9, 15, 24] and that the PB1-F2 protein contributes to viral pathogenicity [4, 5, 18, 28] led us to investigate the potential contributions of the 11 SMs in the PB1 gene, including those that encode 3 aa changes in the PB1-F2 protein, to the pathogenicity of the rgVN1203 virus in mallard ducks. Correction of the aa changes in the PB1-F2 protein and repair of the 11 SMs in the PB1 gene caused similar virus behavior, suggesting that PB1-F2 is a novel factor in VN1203 pathogenicity in this species.
Materials and methods

Generation of recombinant influenza viruses
The H5N1 IAV A/Vietnam/1203/04 (VN1203) sample was provided by the World Health Organization collaborating laboratories and stored in the repository of St. Jude Children's Research Hospital. The virus was propagated in 10-day-old embryonated chicken eggs and handled at St. Jude in biosafety level 3? facilities approved by the US Department of Agriculture and Centers for Disease Control and Prevention. The 8 gene segments of the VN1203 virus had previously been cloned into a dual-promoter plasmid, pHW2000 [11, 21] , resulting in 11 synonymous mutations in PB1, 2 in NP, and 1 in NA. The SMs in the VN1203 plasmids were repaired by using QuickChange site-directed mutagenesis kits (Stratagene) to generate a gene sequence identical to that of the wild-type (wt) VN1203 virus. Four reverse genetics (rg)-derived viruses were created by DNA transfection as described previously [12] : one with repair of all SMs in PB1, NP, and NA (VN1203/R-3), one with repair of all SMs in PB1 (VN1203/R-PB1), one with repair of the 3 SMs affecting PB1-F2 (VN1203/R-PB1-F2), and one with no repairs (VN1203/SM-3). Briefly, 293T and Madin-Darby canine kidney (MDCK) cells were co-cultured and transfected with 1 lg of each of the eight plasmids and 18 ll of transit LTI (Panvera) in a total volume of 1 ml of Opti-MEM I (Gibco, NY). The supernatant was removed 72 h post-transfection (p.t.), and 100 ll was injected into the allantoic cavity of 10-day-old embryonated chicken eggs. After 48 h, the allantoic fluid was harvested and total RNA was extracted by using an RNeasy kit (QIAGEN). Gene segments were amplified by reverse transcription-PCR, using the universal primer set for IAV [13] . Viral cDNAs were sequenced by the Hartwell Center for Biotechnology at St. Jude to confirm the identity of the virus.
Inoculation of mallard ducks
All animal experiments were approved by the Animal Care and Use Committee of St. Jude Children's Research Hospital and performed in compliance with relevant institutional policies, the Association for the Accreditation of Laboratory Animal Care guidelines, the National Institutes of Health regulations, and local, state, and federal laws. Studies with mallard ducks were performed as described previously [14] . Briefly, groups of ten 4-week-old mallard ducks (Anas platyrhynchos) were inoculated with 10 6 50% egg infectious doses (EID 50 ) of each stock virus in a 1 ml volume (0.3 ml each was applied to the trachea and the throat and 0.2 ml each to nares and eyes). All ducks were observed daily for 12 days. Ducks that exhibited severe disease signs were euthanized and recorded as having died on the following day. Tracheal and cloacal swabs were collected every other day starting on day 3 post-inoculation until virus was no longer isolated from cultured MDCK cells. The infectivity of positive samples was measured by determining the 50% tissue culture infectious dose (TCID 50 ) after incubation at 37°C for 3 days. The limit of detection was 1 log10 TCID 50 /ml.
Cell lines and viral infection
DF-1 chicken fibroblast and 293T human embryonic kidney cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and antibiotics. Madin-Darby canine kidney (MDCK) cells were kept in minimal essential medium supplemented with 10% FCS and antibiotics. 293T and MDCK cells were maintained at 37°C, and DF-1 cells were incubated at 39°C. Cells were washed with phosphate-buffered saline (PBS) and incubated with virus at the indicated multiplicity of infection for 1 h. The inoculum was aspirated and cells were incubated with medium containing 4% bovine serum albumin (BSA) and antibiotics. Supernatants were collected at specific intervals for virus titration.
Dual luciferase assay of viral polymerase activity Subconfluent monolayers of DF-1 chicken fibroblast cells or 293T human embryonic kidney cells were transfected by using transit LTI (Panvera) according to the manufacturer's instructions with 1 lg of a firefly luciferase reporter plasmid flanked by chicken polymerase I (Pol I) promoter (pARO3-vluci) for DF-1 or human PolI promoter (pPolI A-luci) for 293T and murine terminator sites, which produces a viral RNA (vRNA)-like RNA transcript; 0.02 lg of Renilla luciferase-expressing plasmid; and a mixture of plasmids expressing PB2, PB1, PA, and NP in quantities of 1, 1, 1, and 2 lg, respectively. Cell extracts were prepared in 500 ll of passive lysis buffer (Promega) 24 h p.t. Luciferase activity was then assayed with a dual luciferase assay reagent kit (Promega) and read on a Veritas microplate luminometer (Turner BioSystems). Viral polymerase activity was expressed as the ratio of firefly to Renilla luciferase signal.
RNA isolation and analysis of viral vRNA, mRNA, and cRNA by primer extension assays
The different influenza virus RNA species produced during infection were quantified as described by Robb et al. [20] . Briefly, adherent DF-1 cells in 35 mm dishes were infected with recombinant virus at an MOI of 1. Total RNA was isolated 4, 6, 8, and 10 h p.i. by using the RNeasy kit. Total RNA (*1 lg) was mixed with an excess of DNA primers, labeled at the 5 0 end with 30 lCi of [c-32 P] ATP and T4 polynucleotide kinase, and denatured by heating to 95°C for 3 min. The mixture was cooled to 50°C, and the primer extensions were performed after addition of 100 U of SuperScript III reverse transcriptase (Invitrogen) to the reaction buffer provided with the enzyme and incubation for 90 min at 50°C. Two PB1 gene-specific primers for A/VN/1203/04 were used in the separate reverse transcription reactions: 5 0 -TGATTTCGAGTCTGGAAGGA-3 0 (to detect vRNA) and 5 0 -TCCATGGTGTATCCTGTCC C-3 0 (to detect mRNA and cRNA). Another specific primer for detection of cellular 5 s rRNA was included as an internal control for total RNA: 5 0 -TCCCAGGCGGTCT CCCATCC-3 0 . Transcription products were analyzed on 8% polyacrylamide gels containing 7 M urea in TBE buffer and were detected by autoradiography. Viral RNA bands were quantified with the PC-BAS software package (Fuji).
Statistical analysis
For the in vivo studies (Figs. 2, 3 ), weight and temperature data were expressed as the percent change from day 0 for each duck. Temperature and weight changes caused by the different viruses were compared by regression with the individual duck included as a random effect to account for individual variations among the animals. Model simplification was performed and tested with parametric bootstrapping and likelihood ratio tests [7] . Because morbidity occurs in the days immediately following infection, regression analysis was restricted to time points prior to recovery. If significant effects were found, a simple effect of virus was investigated by ANOVA for each time point, followed by a Tukey-Kramer multiple comparison test, if appropriate. Kaplan-Meier analysis was performed for each survival curve. Virus titers were analyzed as the log 10 TCID 50 values for each day. Analyses to determine the effects of various mutations on the morbidity and mortality of mallard ducks excluded the PBS control. All analysis was performed in R version 2.9.0 (http://www.R-project.org).
Results
Sequence comparison of wtVN1203 and rgVN1203
To investigate the difference in pathogenicity between wtVN1203 and rgVN1203, we sequenced the entire genomes of both viruses. Although 10 of the 11 protein sequences were identically encoded by the two viruses, we found 11 SMs in the PB1 gene, 2 in the NP gene, and 1 in the NA gene of rgVN1203 (referred to hereafter as rgVN1203/SM-3) (Fig. 1a) . Because most of the SMs were in PB1, a key component of the viral RNA-dependent RNA polymerase (RdRp), we first compared the codon triplet frequency at the affected nt positions in the PB1 genes of wtVN1203 and rgVN1203/SM-3. The VN1203 HA binds preferentially to a-(2,3)-linked sialic acid receptors, and therefore the codon triplets were evaluated by using PB1 of strictly avian influenza viruses (n = 1,088). The bioinformatics analysis showed significant differences in codon triplet frequency between the wtVN1203 and rgVN1203/ SM-3 PB1 genes, with ratios as high as 1:112.1 (Table 1) . A change at the third position of the codon triplets in PB1 of rgVN1203/SM-3 resulted in both rare and frequent codon usage. It is noteworthy that 3 of 11 SMs in PB1, at nt positions 246, 261, and 354 of the ORF, resulted in aa changes in the PB1-F2 protein: T51 ? M, V56 ? A, and E87 ? G, respectively (Fig. 1b) .
Repair of synonymous mutations in rgVN1203/SM-3 virus enhance its lethality in mallard ducks SMs do not necessarily cause changes in the aa sequence of the resulting protein, but their presence can affect gene transcription and translation processes [3, 16] . To assess the effect of the changes in the PB1, NP, and NA genes on pathogenicity, we generated recombinant viruses with repairs in all 3 genes (rgVN1203/R-3), repairs in the PB1 gene only (rgVN1203/R-PB1), or no repairs (rgVN1203/ SM-3) and compared their lethality in mallard ducks. The Role of H5N1 PB1-F2 in mallard ducks 927 parental wtVN1203 virus was also included in this experiment. We first determined the pathogenicity index (PI) of each virus on the basis of the frequency of death and disease signs within 10 days after inoculation (a.i.) via natural routes with 10 6 50% egg infectious doses (EID 50 ) of stock virus ( Table 2 ). The wtVN1203 virus exhibited the highest PI (1.24), followed by rgVN1203/R-PB1 (1.01) and rgVN1203/R-3 (0.99). The PI of rgVN1203/SM-3 was the lowest (0.58) among the viruses. Severe disease signs (cloudy eyes, ataxia, and neurologic disorders) were more frequent in ducks inoculated with wtVN1203, rgVN1203/ R-3, or rgVN1203/R-PB1 than in those inoculated with rgVN1203/SM-3 ( Table 2) .
Inoculation with either virus caused a body temperature increase (as much as 1.5°C greater than that of PBSinoculated controls) within 3 days (Fig. 2a) . However, after correction for the starting temperature in each group, we found no significant difference in body temperature within the first 4 days after inoculation (a.i.) (virus 9 time interaction, P = 0.34). All ducks maintained their average body temperature from day 5 a.i. until the end of the experiment.
Body weight in the control group increased steadily during the 12 days of observation (Fig. 2b) . Ducks inoculated with wtVN1203, rgVN1203/R-3, or rgVN1203/R-PB1 lost body weight during the first 5 days, whereas a Ducks were inoculated with 10 6 EID 50 of virus via natural routes; n = 20, except for rgVN1203/R-PB1 (n = 10) Fig. 2 Effect of synonymous mutations on virus lethality in mallard ducks. a Mean ± SE body temperature change of mallard ducks a.i. b Mean ± SE percent weight change of mallard ducks a.i. c Survival rate of mallard ducks a.i. d Tracheal and cloacal mean ± SE virus titers of inoculated mallard ducks 3 and 5 days a.i. Dashed line indicates detection limit (1 log 10 TCID 50 /ml)
Role of H5N1 PB1-F2 in mallard ducks 929 ducks inoculated with rgVN1203/SM-3 experienced only a brief plateau in weight gain (virus 9 time effect, P \ 0.0001). By day 4, ducks inoculated with rgVN1203/ SM-3 were significantly heavier than those inoculated with rgVN1203/R-PB1 (simple effects ANOVA, P = 0.03). Although survival in the inoculated groups did not differ significantly (Kaplan-Meier, P = 0.08), higher mortality was observed after inoculation with wtVN1203, rgVN1203/ R-3, or rgVN1203/R-PB1 than after inoculation with rgVN1203/SM-3 (Fig. 2c) . The wtVN1203 virus caused the highest mortality (55%), followed by rgVN1203/R-3 and rgVN1203/R-PB1 (both 40%). The rgVN1203/SM-3 virus killed only 4 of 20 ducks (20%).
To investigate whether reduced virus replication explained the lower pathogenicity of rgVN1203/SM-3, we titrated virus shed from the trachea and cloaca (Fig. 2d) . Ducks inoculated with wtVN1203, rgVN1203/R-3, or rgVN1203/R-PB1 viruses shed virus for 5 days; those inoculated with rgVN1203/SM-3 shed for only 3 days. The wtVN1203, rgVN1203/R-3, and rgVN1203/R-PB1 viruses were shed at higher levels from both the trachea and cloaca (ANOVA: trachea, P = 0.39; cloaca, P = 0.6). The highest titers were detected in the tracheas of ducks inoculated with rgVN1203/R-PB1 or wtVN1203 on days 3 and 5, respectively. Of the day-3 cloacal titers, that of rgVN1203/ SM-3 was the lowest; on day 5, only wtVN1203 was detectable. These findings suggest that unrepaired PB1 reduced the lethality of rgVN1203/SM-3 in mallard ducks and that repair of NP and NA did not have a distinguishable effect on virus pathogenicity.
Amino acid changes encoded within the PB1-F2 reading frame of rgVN1203/SM-3 decrease lethality in mallard ducks Because sequence analysis revealed 3 aa mutations encoded by SMs within the PB1-F2 reading frame of rgVN1203/SM-3, we investigated the role of these molecular changes in decreased lethality in mallard ducks. We generated a recombinant virus in which only these 3 SMs (at PB1 nt 246, 261, and 354) were repaired (rgVN1203/R-PB1-F2) and compared its pathogenicity with that of rgVN1203/R-PB1 and rgVN1203/SM-3. Although the PI values of all recombinant viruses were higher than those in the first experiment (Table 3) , the PI of rgVN1203/SM-3 (0.78) was again the lowest. The rgVN1203/R-PB1 and rgVN1203/R-PB1-F2 viruses had PI values of 1.60 and 1.48, respectively. Inoculation with rgVN1203/R-PB1 or rgVN1203/R-PB1-F2 caused a markedly greater frequency of severe clinical signs than inoculation with rgVN1203/SM-3 (Table 3) .
All virus-inoculated ducks developed fever within 4 days a.i. (Fig. 3a) , but no significant difference in body temperature was observed between the three virus groups (virus 9 time interaction, P = 0.57). The body temperature of some ducks decreased dramatically (*3°C below the mean) on day 5, and they died on the subsequent day. Ducks in all virus groups lost body weight within 5 days a.i. (Fig. 3b) , but the rate of weight loss did not differ (virus 9 time interaction, P = 0.13). It is noteworthy that ducks inoculated with rgVN1203/SM-3 began to recover almost a full day earlier than the other ducks. The mortality rate was high in ducks inoculated with rgVN1203/R-PB1 (8/10) and rgVN1203/R-PB1-F2 (7/10) but considerably lower in ducks inoculated with rgVN1203/SM-3 (3/10) ( Fig. 3c ; Kaplan-Meier, P = 0.02).
Tracheal swab titers on day 3 a.i. were higher in the rgVN1203/R-PB1 and rgVN1203/R-PB1-F2 groups than in the rgVN1203/SM-3 group (ANOVA, P \ 0.016; Fig. 3d) , suggesting that the lower lethality of rgVN1203/SM-3 reflected reduced virus replication. The pattern of cloacal swab titers on day 3 was similar, although no significant difference was observed (ANOVA, P = 0.24), and only rgVN1203/R-PB1 was detectable on day 5. Overall, these results suggest that the 3 aa changes in PB1-F2 contributed to the reduced lethality of rgVN1203/SM-3 in mallard ducks.
Mutations in PB1-F2 decrease viral polymerase activity
To characterize the effect of the 3 aa changes in PB1-F2 on transcription and translation of the virus genome, we compared levels of viral polymerase activity in the presence of repaired versus unrepaired PB1-F2 in a minigenome system. IAV-like ribonucleoprotein (RNP) complexes were . The similar patterns of activity in the two cell lines showed that the activity was not cell-typedependent. These results indicate that the 3 aa changes in PB1-F2 directly or indirectly interfere with the function of the viral polymerase. These findings are similar to those observed in HEK293 cells by another group [17] .
Mutations in PB1-F2 lower replication and transcription rates of viral RNAs
We next investigated whether the higher activity of RNP complexes containing corrected PB1 or corrected PB1-F2 would affect the accumulation of different species of viral RNA in virus-infected cells. DF-1 cells were infected at an MOI of 1 with rgVN1203/R-3, rgVN1203/R-PB1, rgVN1203/R-PB1-F2, or rgVN1203/SM-3. Cells were then lysed and total RNAs were isolated 4, 6, 8, and 10 h p.i. The presence of viral vRNA, cRNA, and mRNA was confirmed by primer extension assay using radioactively labeled PB1 gene-specific primers for detection of viral negative-strand and positive-strand RNAs derived from the PB1 gene segment. Small cellular 5 s rRNA served as a loading control for total RNA. The 3 viral RNA species of all 4 viruses appeared to increase through 6 h p.i. (Fig. 5) .
The viral vRNA levels in cells infected with rgVN1203/ SM-3 were lower than in those infected with the other 3 viruses (Tukey's HSD, P \ 0.0001). Levels of cRNA and mRNA were lower in cells infected with rgVN1203/SM-3 than in cells infected with either rgVN1203/R-PB1 (cRNA: P \ 0.018; mRNA: P \ 0.0001) or rgVN1203/R-PB1-F2 (cRNA: P \ 0.044; mRNA: P \ 0.0001) at most time points. Viral mRNA dominated the viral RNA population and reached the highest levels 6 h after infection with rgVN1203/R-PB1 and rgVN1203/R-PB1-F2 (Tukey's HSD: P \ 0.0001). Overall, viral cRNA was less abundant than vRNA and mRNA.
Discussion
The H5N1 strain A/Vietnam/1203/04 (VN1203) belongs to the most lethal influenza A viruses tested in laboratories so far. Our findings show that a recombinant VN1203 virus containing 11 inadvertently introduced SMs in the PB1, NP, and NA genes showed decreased lethality in mallard ducks. We first sought to elucidate the role of these SMs in the reduced virulence. Mallard ducks inoculated with wtVN1203, rgVN1203/R-3, or rgVN1203/R-PB1 showed more severe disease signs, greater mortality, higher virus titers, and longer virus shedding from the trachea and cloaca than ducks inoculated with rgVN1203/SM-3. Interestingly, recombinant viruses in which all SMs in PB1 (rgVN1203/R-PB1) or only those affecting PB1-F2 (rgVN1203/R-PB1-F2) had been corrected were similarly highly lethal to the ducks. In contrast, ducks inoculated with rgVN1203/SM-3 showed less frequent disease signs and significantly less mortality. We therefore suggest that the differing lethality of wtVN1203 and rgVN1203/SM-3 was likely to be mediated by the 3 aa mutations in the PB1-F2 protein.
It remains unclear which aa substitution(s) (T51 ? M, V56 ? A, or E87 ? G) in PB1-F2 account for the lower pathogenicity of rgVN1203/SM-3. It is noteworthy that the majority of H5N1 viruses have M51, V56, and E87 in PB1-F2. Because E87 ? G is the only mutation that alters the charge of the aa [from negatively charged (acidic) to not charged (non-acidic)], the role of the aa change at this position warrants further investigation. In addition, it was recently shown that a single aa change (N66 ? S) in the PB1-F2 of the A/HK/156/97 (H5N1) and 1918 pandemic (A/Brevig Mission/18) influenza A viruses increases their pathogenicity in mice [5] . However, VN1203 is highly pathogenic to mice despite the presence of 66 N in its PB1-F2 [21, 27] . This discrepancy suggests that the contribution of PB1-F2 to viral pathogenicity may be virus-and hostdependent.
In addition, we conducted functional assays in cultured cells in an effort to understand the molecular mechanisms involved in the biological function of PB1-F2. In chicken fibroblast DF-1 and human embryonic kidney 293T cell lines, significantly lower polymerase activity was observed in the RNP complexes containing the 3 uncorrected aa substitutions in PB1-F2. PB1-F2 is translated from an alternative reading frame of the PB1 gene segment and regulates viral polymerase activity by interaction with the PB1 protein [17] . Therefore, mutations in the PB1-F2 protein of rgVN1203/SM-3 may negatively affect the activity of the viral polymerase subunit PB1 and possibly of the entire RNP complex by impeding the interaction between PB1 and PB1-F2. The significantly lower replication rates observed in avian cells infected with rgVN1203/SM-3 multiple replication cycles is consistent with such a mechanism (data not shown). However, all recombinant viruses replicated to similar titers within 72 h after infection at a low MOI, suggesting that the 3 aa changes in PB1-F2 of rgVN1203/SM-3 did not completely attenuate, but rather only slowed, viral growth in cultured cells.
Greater polymerase activity would presumably lead to enhanced nuclear accumulation of viral RNAs in infected cells. We analyzed the levels of viral vRNA, mRNA, and cRNA in virus-infected cells by using a primer extension assay with PB1 gene-specific primers. Replication and transcription of viral RNA was increased when all SMs in the PB1-F2 reading frame or just those in PB1-F2 were corrected. Significantly less viral RNA accumulated in rgVN1203/SM-3-infected cells than in cells infected with rgVN1203/R-3, rgVN1203/R-PB1, or rgVN1203/R-PB1-F2. Therefore, the functional effects of PB1-F2 on viral polymerase activity play a role in viral RNA accumulation. McAuley et al. [19] recently reported that the effects of PB1-F2 expression on polymerase activity, PB1 accumulation, and viral replication were cell type-and virus straindependent. Therefore, our findings may be applicable only to the H5N1 virus strain used and to mallard ducks.
Our study was limited by the absence of information about tissue tropism and systemic versus non-systemic infection. In addition, all previous investigations of the role of PB1-F2 in virulence have used inbred mice [4, 5, 18, 28] . Because of the unavailability of inbred duck strains, the outcome of infection, particularly the mortality rate, differed between experiments. Significant differences were observed more frequently during the second experiment than during the first. However, despite this variability, rgVN1203/SM-3 was the least pathogenic of the recombinant viruses in both sets of experiments. Hence, our findings provide new insights into the significance of this viral protein in mallard ducks. Taken together, our findings identify the PB1-F2 protein of VN1203 as a novel viral factor in pathogenicity in mallard ducks. 
